1. Introduction {#sec1-molecules-24-02782}
===============

Cellulose is Earth's most abundant biopolymer. It represents 40--60% of wood mass and can be extracted in the form of 20--40 µm thick fibers upon pulping \[[@B1-molecules-24-02782],[@B2-molecules-24-02782]\]. Apart from its traditional use in the paper and packaging industries and its growing conversion into textile fibers, cellulose can be processed into functional nanoparticles \[[@B3-molecules-24-02782]\]. Among these, cellulose nanocrystals (CNCs) are crystalline nano-rods with a thickness of 3--10 nm and a length of few hundred nanometers ([Figure 1](#molecules-24-02782-f001){ref-type="fig"}) \[[@B4-molecules-24-02782]\]. They are extracted from pulp fibers using an acid-mediated procedure, which has already been industrialized \[[@B5-molecules-24-02782]\]. They can also be extracted directly from wood and lignocelluloses using a variety of reagents and processes \[[@B6-molecules-24-02782],[@B7-molecules-24-02782],[@B8-molecules-24-02782]\]. CNCs with a length in the micrometers can also be obtained from tunicate cellulose \[[@B9-molecules-24-02782]\]. Cellulose nanofibrils (CNFs), another form of nanocellulose, are semi-crystalline spaghetti-like nanoparticles with a thickness of 5--30 nm and a length of few micrometers ([Figure 1](#molecules-24-02782-f001){ref-type="fig"}) \[[@B4-molecules-24-02782]\]. They are produced by the mechanical fibrillation of pulp fibers using a wide range of techniques including microfluidization and homogenization \[[@B3-molecules-24-02782]\]. In addition to their high mechanical properties, biodegradability, and high surface area, CNCs and CNFs are famous for the possibility to modify their surfaces through the abundant hydroxyl groups. They can also orient themselves in 1D, 2D, and 3D nanostructures forming functional liquid crystalline structures \[[@B10-molecules-24-02782]\]. Due to these interesting properties, CNCs and CNFs have shown great potential in a wide range of applications including automotive industry \[[@B11-molecules-24-02782]\], drug delivery \[[@B12-molecules-24-02782]\], tissue engineering \[[@B13-molecules-24-02782]\], packaging \[[@B14-molecules-24-02782]\], and water filtration \[[@B15-molecules-24-02782]\]. As a result, the number of publications and patents on nanocellulose per year increased from 208 in 2009 to 2372 in 2018 ([Figure 2](#molecules-24-02782-f002){ref-type="fig"}). This has also led to the establishment of more than 20 nanocellulose production facilities in the last two decades such as CelluForce, Innventia, and Blue Goose Biorefinaries \[[@B3-molecules-24-02782]\].

The surface modification of nanocellulose through its hydroxyl groups has significantly increased its potential. A wide range of chemical functionalities has been placed on nanocellulose surface through simple reactions such as oxidation and acetylation \[[@B16-molecules-24-02782],[@B17-molecules-24-02782]\]. Sometimes, the reaction involved the grafting of functional materials and polymers onto the surface. These modifications aimed at modulating the surface properties of nanocellulose to improve its processing with nonpolar matrices \[[@B18-molecules-24-02782],[@B19-molecules-24-02782],[@B20-molecules-24-02782]\], or to change its affinity to certain polar and nonpolar molecules \[[@B21-molecules-24-02782],[@B22-molecules-24-02782]\]. Other times, the modification aimed at placing functional groups onto the nanocellulose surface to target certain applications \[[@B23-molecules-24-02782]\]. In this case, a chemical linker was often needed to bind these functional groups to nanocellulose, whether they were simple compounds or polymers. Among many modifiers and linkers, aliphatic and aromatic isocyanates have attracted an increasing attention in the recent years for nanocellulose modification although they have been used for a century with cellulose. They are a very interesting group of chemicals that are most famous for making polyurethanes through their reactions with polyols \[[@B24-molecules-24-02782]\].

Aliphatic and aromatic mono-isocyanates such as phenyl isocyanate (PI) and n-octadecyl isocyanate (OI), and di-isocyanates such as toluene diisocyanate (TDI), diphenylmethane diisocyanate (MDI), hexamethylene diisocyanate (HMDI), and their polymeric forms have all been used for the modification of cellulose and nanocellulose ([Figure 3](#molecules-24-02782-f003){ref-type="fig"}) \[[@B25-molecules-24-02782],[@B26-molecules-24-02782],[@B27-molecules-24-02782],[@B28-molecules-24-02782]\]. PI and OI were mainly used to decrease the hydrophilicity of cellulose and nanocellulose as they do not have the necessary second isocyanate to function as a linker, while TDI, PPDI, MDI, and HMDI have been used both as surface modifiers and chemical linkers \[[@B29-molecules-24-02782],[@B30-molecules-24-02782]\]. TDI, MDI, and HMDI differ mainly in their molecular rigidity, which is mainly dependent on the benzene rings. MDI is the most rigid because of the two benzene rings while HMDI is the most flexible because of the aliphatic chain. This, for sure, has a significant impact on the mechanical properties of the materials of which they become a part \[[@B31-molecules-24-02782]\]. For instance, the MDI-based polyurethane foams are more rigid than those made using TDI \[[@B32-molecules-24-02782]\].

TDI is a very interesting di-isocyanate as the isocyanates of its 2,4-isomer differ in their reactivity. The ortho isocyanate is 5--10 time less reactive than the para isocyanate due to the steric hindrance from the neighboring methyl group \[[@B33-molecules-24-02782],[@B34-molecules-24-02782]\]. This makes 2,4-TDI very advantageous for binding materials to each other as one material can selectively react with the para isocyanate followed by the reaction of the other material with the ortho one. In addition to price, this explains the less frequent use of 2,6-TDI. TDI is often sold as an 80%/20% (2,4/2,6) mixture of its isomers.

To facilitate the reaction between isocyanates and the hydroxyl groups of nanocellulose and the resultant formation of polyurethane bonds, amines such as triethylamine were found to be excellent catalysts although they could also facilitate the self-polymerization of isocyanates as a side reaction \[[@B35-molecules-24-02782]\].

This review discusses the use of aliphatic and aromatic mono- and di-isocyanates in their molecular and polymeric forms for the surface modification of both cellulose and nanocellulose. For each material, the literature reports will be categorized based on the goal of the surface modification. Some of these reports followed application-oriented approaches, which focused on modifying cellulose and nanocellulose to function in certain applications while other reports were property-oriented, which aimed at improving the properties of cellulose and nanocellulose in general, such as hydrophobicity and thermal stability, without targeting a specific application. Most of the reports; however, focused on the use of isocyanates to facilitate the processing of cellulose and nanocellulose in nonpolar thermoplastic and thermoset matrices to prepare reinforced composites with improved interfacial adhesion.

2. General Scenarios of Nanocellulose Modification Using Isocyanates {#sec2-molecules-24-02782}
====================================================================

Most of the reported reactions between nanocellulose and isocyanates took place through one of four scenarios. The first scenario represents the reaction of nanocellulose with a mono-isocyanate carrying either a hydrophobic (alkyl or aryl) \[[@B36-molecules-24-02782],[@B37-molecules-24-02782]\] or a functional group \[[@B38-molecules-24-02782]\] ([Figure 4](#molecules-24-02782-f004){ref-type="fig"}). In case of hydrophobization, the modified nanocellulose is usually blended/mixed with a nonpolar matrix to produce a nanocomposite \[[@B39-molecules-24-02782],[@B40-molecules-24-02782]\]. The matrices in this scenario were mainly thermoplastic petroleum-based polymers such as polystyrene, polypropylene, and polyethylene. Sometimes, the reaction between the isocyanate and nanocellulose took place while processing both with the thermoplastic polymer \[[@B41-molecules-24-02782]\]. Scenario 1 was rarely used with di-isocyanates as there is no need for a second isocyanate group in this scenario \[[@B42-molecules-24-02782]\]. Some of those rare cases assumed that both isocyanates reacted with the nanocellulose (cross-linking).

Di-isocyanates were mainly used to (1) bind functional groups onto the nanocellulose surface or to (2) support its processing with thermoset matrices. In the first case, two scenarios were used ([Figure 4](#molecules-24-02782-f004){ref-type="fig"}). In Scenario 2, the di-isocyanate is reacted with nanocellulose through one of its isocyanates and the free isocyanate is reacted then with a functional polymer or molecule \[[@B43-molecules-24-02782]\]. Sometimes the free isocyanate is reacted with a non-functional alcohol to obtain a hydrophobic nanocellulose \[[@B44-molecules-24-02782]\]. In Scenario 3, the di-isocyanate is reacted with the functional material or polymer at first then the free isocyanate is reacted with the nanocellulose \[[@B45-molecules-24-02782]\]. This scenario seems to be more efficient than Scenario 2 in general as some reports have shown that di-isocyanates, following Scenario 2, could react with nanocellulose using both of their isocyanates making them dysfunctional for the second stage of the reaction \[[@B46-molecules-24-02782],[@B47-molecules-24-02782]\]. Scenario 4 is the most commonly used for the processing of nanocellulose with thermosets such as polyurethanes ([Figure 4](#molecules-24-02782-f004){ref-type="fig"}). In this scenario, a mixture of the nanocellulose, di-isocyanate, and the polyol are cross-linked together at the same time \[[@B48-molecules-24-02782],[@B49-molecules-24-02782]\]. It is important to mention that these fours scenarios have been used similarly for both cellulose and nanocellulose.

3. Cellulose Modification Using Aliphatic and Aromatic Isocyanates {#sec3-molecules-24-02782}
==================================================================

The first report on the use of isocyanates with cellulose seems to go back to 1920 by Charles \[[@B50-molecules-24-02782]\] followed by other reports focusing on the use of the reaction for textile industry to produce cellulose fibers with improved mechanical and thermal properties \[[@B51-molecules-24-02782],[@B52-molecules-24-02782],[@B53-molecules-24-02782]\]. In 1962 and 1970 the reaction between cellulose and isocyanates was further explored by Ellzey et al. and Ohno et al. respectively, with a focus on PI \[[@B54-molecules-24-02782],[@B55-molecules-24-02782]\]. Ohno later studied the reaction of cellulose with di-isocyanates (2,4-TDI and HMDI) \[[@B56-molecules-24-02782],[@B57-molecules-24-02782]\]. Isocyanates have then become more frequently used to modify cellulose for different purposes ([Table 1](#molecules-24-02782-t001){ref-type="table"}), which can be categorized into:

3.1. Preparation of Functional Cellulose (Scenario 1 and 2) {#sec3dot1-molecules-24-02782}
-----------------------------------------------------------

Cellulose and its derivatives have been functionalized for a variety of applications including water treatment, chromatography, and biotechnological applications. In terms of the biotechnological applications, Gemeiner et al. used in 1977 the reaction between cellulose and 2,4-TDI to prepare cellulose isothiocyanates, whose binding capacity to thiol and amine compounds was studied \[[@B58-molecules-24-02782]\]. The aim was to explore its potential for enzyme immobilization and for solid-phase sequence analysis of peptides and proteins. In the same year, cellulose beads, upon their reaction with 2,4-TDI or HMDI, were also explored for enzyme immobilization \[[@B59-molecules-24-02782]\]. Dierov et al. developed a hydrophobic cellulose-based sorbent to collect the lipase secreted from a fungus (rhizopus--microporous), by reacting microcrystalline cellulose (MCC) with 2,4-TDI through the para isocyanate followed by reacting the ortho isocyanate with n-butanol \[[@B44-molecules-24-02782]\]. A cellulose-based sorbent was also prepared using cyclohexyl isocyanate or PI to be used for the extraction of natural estrogenic hormones \[[@B60-molecules-24-02782]\]. Pend et al. functionalized cellulose using a phosphonium-containing isocyanate to obtain a product which had both antibacterial and antifungal activities against certain microorganisms \[[@B61-molecules-24-02782]\]. Similarly speaking, the reaction of sulfopropylbetaine or quaternary ammonium salt carrying a reactive isocyanate with cotton cellulose led to a cotton imparting excellent antifouling and bactericidal activity with enhanced hydrophilicity, biocompatibility, and mechanical properties \[[@B38-molecules-24-02782]\].

There are two reports on cellulose functionalization for water filtration. In 1983 Sato et al. used the reaction between cellulose and 2,4-TDI to graft amino acids, such as glycine and serine, onto the cellulose to produce a powder capable of adsorbing heavy metals such as copper, zinc, and cadmium \[[@B62-molecules-24-02782],[@B63-molecules-24-02782]\]. Recently in 2018, cellulose was reacted with MDI to develop a sorbent for the remediation of hydrocarbon-polluted water \[[@B64-molecules-24-02782]\].

To developed chiral stationary phases for liquid chromatography, cotton spheres were reacted with HMDI, 2,4-TDI, 1,4-MDI, or substituted PIs \[[@B26-molecules-24-02782],[@B27-molecules-24-02782],[@B28-molecules-24-02782]\]. Chiroptical cellulose was also obtained upon its reaction with 3-chlorophenyl isocyanate or 4-chlorophenyl isocyanate, which formed with silica chiral nematic mesomorphic structures \[[@B65-molecules-24-02782]\].

3.2. Improving Cellulose Properties (Scenario 1 and 2) {#sec3dot2-molecules-24-02782}
------------------------------------------------------

In this category, cellulose was treated with isocyanates to mainly reduce its hydrophilicity or improve its biocompatibility. To reduce it hydrophilicity, cellulose was reacted with PI, cyclohexyl isocyanate, HMDI, and oxime-blocked isocyanate oligomers \[[@B25-molecules-24-02782],[@B66-molecules-24-02782],[@B67-molecules-24-02782]\]. For the same goal, Botaro et al. followed a more complicated approach, by which the cellulose fibers were reacted with alkenyl isocyanate followed by its radical polymerization with other monomers (styrene or methylacrylate) to grow hydrophobic polymeric brushes around the fibers \[[@B68-molecules-24-02782],[@B69-molecules-24-02782]\]. A more-direct approach by Trejo-O'Reilly et al. reacted cellulose with an isocyanate-containing polystyrene \[[@B70-molecules-24-02782],[@B71-molecules-24-02782]\]. Badanova et al. hydrophobized a cellulose fabric by immersing it in an aqueous solution of polyethylene glycol followed by impregnation in an organic solution of 2,4-TDI and thermal pressing \[[@B72-molecules-24-02782]\].

Isocyanates were also used to improve cellulose biocompatibility with human blood. For instance, cellulose sheets were reacted with HMDI through one of its isocyanates followed by the reaction of the other isocyanate with betaine-containing molecules \[[@B73-molecules-24-02782]\]. Similarly, a cellulose fabric was reacted with 2-methacryloyloxyethyl isocyanate to allow a following grafting of phosphoryl choline, which improved the biocompatibility of the fabric to function as a hemodialysis material for blood purification \[[@B74-molecules-24-02782]\]. To improve their mechanical, chemical, and thermal properties, cellulose acetate membranes were reacted with phenyl, propyl and butyl isocyanates \[[@B75-molecules-24-02782],[@B76-molecules-24-02782]\].

3.3. Improving Cellulose Processing and Performance with Nonpolar Matrices (Scenario 1 and 3) {#sec3dot3-molecules-24-02782}
---------------------------------------------------------------------------------------------

In this category, cellulose was either reacted with the isocyanate prior to mixing/compounding with the nonpolar matrix or the reaction took place during compounding by relying on the heat used in the process. Mono-isocyanates, di-isocyanates, and their polymers have all been used in this category while the matrices were mainly petroleum-based thermoplastic polymers such as polystyrene (PS), polypropylene (PP), and polyethylene (PE). The modification led in most of these reports to a significant improvement in the mechanical properties and a drop in the water uptake of the composite.

Cellulose was modified using poly(methylene(polyphenyl isocyanate)) and MDI to improve the interfacial adhesion between cellulose and PS \[[@B77-molecules-24-02782],[@B78-molecules-24-02782],[@B79-molecules-24-02782]\] while the interfacial adhesion in cellulose/PP composites was improved by reacting cellulose with different alkyl isocyanates \[[@B80-molecules-24-02782]\], 2,4-TDI \[[@B81-molecules-24-02782]\], and HMDI \[[@B82-molecules-24-02782]\]. A PP/PLA composite was reinforced by birch pulp fibers after modifying the fibers with 2,4-TDI. The modification improved the mechanical and thermal properties, water resistance of the composite, and its stability upon weathering \[[@B83-molecules-24-02782]\]. In the case of cellulose/PE composites, cellulose was modified using poly(methylene(polyphenyl isocyanate)), HMDI, and OI before compounding \[[@B69-molecules-24-02782],[@B84-molecules-24-02782],[@B85-molecules-24-02782],[@B86-molecules-24-02782]\]. For the same purpose, sisal fibers were functionalized following Scenario 3 using cardanol and 2,4-TDI before compounding with PE \[[@B87-molecules-24-02782],[@B88-molecules-24-02782]\]. In some cases, the isocyanate is used directly as a compatibilizer. For instance, polybutadiene isocyanate and derivatives of MDI were used as compatibilizers in cellulose/PP composites \[[@B41-molecules-24-02782],[@B89-molecules-24-02782]\]. It is assumed that the isocyanate and cellulose reacted during the processing of the composite.

Cellulose has also been modified before being used to reinforce bio-based matrices such as natural rubber \[[@B90-molecules-24-02782]\], epoxidized soybean oil polymer \[[@B91-molecules-24-02782]\], polyesters \[[@B92-molecules-24-02782]\], thermoplastic polyurethanes and polyamides \[[@B93-molecules-24-02782],[@B94-molecules-24-02782]\], and castor oil \[[@B95-molecules-24-02782],[@B96-molecules-24-02782]\]. In few reports, cellulose was modified using OI to improve its processing and stability in fiber-reinforced cement \[[@B97-molecules-24-02782],[@B98-molecules-24-02782]\].

3.4. Cellulose/Matrix Cross-linking (Scenario 3 and 4) {#sec3dot4-molecules-24-02782}
------------------------------------------------------

The reports in this category used di-isocyanates (mainly 2,4-TDI) for cross-linking cellulose with the matrix. In some cases, the matrix was reacted with one of the isocyanates of the di-isocyanate then the cellulose was reacted with the free isocyanate (Scenario 3). For instance, poly(caprolactone) (PCL) was reacted with 2,4-TDI then cellulose was reacted with the free isocyanate to form the composite \[[@B99-molecules-24-02782]\]. Copolymers of cellulose acetate with poly(caprolactone monoacrylate) or poly(butylene glycol adipate) were prepared using the same procedure \[[@B100-molecules-24-02782],[@B101-molecules-24-02782]\]. In other cases, cellulose was reacted with the di-isocyanate then cured together with the matrix, which was made of the same di-isocyanate and a polyol such as lignin or castor oil. For instance, MCC was treated with MDI then added to castor oil and MDI to cure all together for forming the composite \[[@B102-molecules-24-02782]\]. Sometimes the cellulose was added directly without modification to the polyol/di-isocyanate mixture then cured together (Scenario 4) \[[@B103-molecules-24-02782]\]. Clearly, cellulose modification prior to curing improved the mechanical performance of the composite more significantly than without it.

4. Nanocellulose Modification Using Aliphatic and Aromatic Isocyanates {#sec4-molecules-24-02782}
======================================================================

Despite their use for cellulose modification for almost a century, isocyanates were used for the first time in 2008 to modify nanocellulose \[[@B104-molecules-24-02782]\]. Two years earlier isocyanates were used to graft polymers onto the surface of starch nanocrystals \[[@B105-molecules-24-02782],[@B106-molecules-24-02782]\]. Since then, the use of isocyanates for nanocellulose modification has become more common. Unlike cellulose, nanocellulose modification took place only under heterogeneous conditions, which means that it mainly happened on the nanocellulose surface. Nanocellulose has up to 15% of its hydroxyls on the surface (excluding the unreactive C3 hydroxyls) \[[@B107-molecules-24-02782],[@B108-molecules-24-02782],[@B109-molecules-24-02782]\]. This high percentage of surface hydroxyls makes nanocellulose more promising than cellulose for making functional cellulosic materials as it allows a more significant grafting of functional molecules on its surface.

The reports on nanocellulose modification fell in the same four categories mentioned earlier for cellulose but with more focus on nanocellulose processing with thermoplastic and thermoset matrices ([Table 2](#molecules-24-02782-t002){ref-type="table"}):

4.1. Preparation of Functional Nanocellulose (Scenario 1 and 3) {#sec4dot1-molecules-24-02782}
---------------------------------------------------------------

There are only three reports on nanocellulose functionalization. Similar to previous reports using cellulose, CNCs were reacted with 3,5-dimethylphenyl isocyanate to function as a stationary phase in liquid chromatography with chiral recognition abilities \[[@B29-molecules-24-02782]\]. CNCs were also reacted with OI to function as a water-in-oil Pickering emulsifier \[[@B30-molecules-24-02782]\]. Both reports followed Scenario 1 in [Figure 4](#molecules-24-02782-f004){ref-type="fig"}. Following Scenario 3, a photocleavable polymer was grafted on the surface of CNCs using 2,4-TDI as a linker \[[@B23-molecules-24-02782]\].

4.2. Improving Nanocellulose Properties (Scenario 1,2, and 3) {#sec4dot2-molecules-24-02782}
-------------------------------------------------------------

Almost all the reports here focused on nanocellulose hydrophobization. CNFs were hydrophobized following Scenario 1 by reacting with OI \[[@B110-molecules-24-02782]\] while CNCs were hydrophobized by reacting with castor oil and 2,4-TDI following Scenario 3 \[[@B45-molecules-24-02782]\] and by reacting with poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) and 2,4-TDI following Scenario 4. The modified CNCs showed improved thermal stability and hydrophobicity \[[@B111-molecules-24-02782]\]. CNFs with amine groups on the surface were prepared by reacting the CNFs with HMDI and certain alkyl diamines (Scenario 2) \[[@B112-molecules-24-02782]\]. To improve its mechanical properties, a CNF aerogel was cross-linked with HMDI by immersing it in a solution of HMDI in acetone \[[@B113-molecules-24-02782]\].

4.3. Improving Nanocellulose Processing and Performance with Nonpolar Matrices (Scenario 1, 2, and 3) {#sec4dot3-molecules-24-02782}
-----------------------------------------------------------------------------------------------------

To be processed with PCL as a matrix, nanocellulose was modified using different approaches. In one approach, nanocellulose was reacted with OI following Scenario 1 and then mixed with PCL \[[@B39-molecules-24-02782],[@B40-molecules-24-02782],[@B114-molecules-24-02782],[@B115-molecules-24-02782]\]. In the other approaches, PCL was grafted on the nanocellulose surface using 2,4-TDI following either Scenario 2 or 3 and the modified nanocellulose was then mixed with PCL as a matrix \[[@B43-molecules-24-02782],[@B104-molecules-24-02782]\]. Nanocellulose was also processed with poly(butylene adipate-co-terephthalate) (PBAT) upon modification with OI or 4-phenylbutyl isocyanate (Scenario 1) \[[@B36-molecules-24-02782],[@B37-molecules-24-02782],[@B116-molecules-24-02782],[@B117-molecules-24-02782]\]. Following Scenario 1 as well, nanocellulose was processed with PLA upon modification with OI or 2,4-TDI \[[@B42-molecules-24-02782],[@B118-molecules-24-02782]\]. All these reports have shown an improved mechanical or thermomechanical composite performance upon nanocellulose modification due to an improved interfacial adhesion between the nanocellulose and the matrix. In terms of moisture/gas barrier properties and biodegradability, the results varied significantly.

4.4. Nanocellulose/Matrix Cross-Linking (Scenario 4) {#sec4dot4-molecules-24-02782}
----------------------------------------------------

The reports in this category cover the use of nanocellulose for reinforcing thermosets of different forms (foams, films, coatings), which were made of lignin, castor oil, poly(ethylene glycol) (PEG), polyether polyols, or other polyols. In some of these reports, the nanocellulose was added to the polyol/di-isocyanate mixture to crosslink all together \[[@B48-molecules-24-02782],[@B49-molecules-24-02782],[@B119-molecules-24-02782]\]. In other reports, the nanocellulose was reacted with the di-isocyanate using one of its isocyanates then cross-linked with a mixture of the polyol with the same di-isocyanate \[[@B120-molecules-24-02782],[@B121-molecules-24-02782],[@B122-molecules-24-02782],[@B123-molecules-24-02782],[@B124-molecules-24-02782],[@B125-molecules-24-02782],[@B126-molecules-24-02782],[@B127-molecules-24-02782]\]. An improvement in the mechanical or thermomechanical properties of the thermoset upon nanocellulose modification was the main outcome of these reports. An increase in the glass transition temperature of the thermoset was also observed.

5. Challenges {#sec5-molecules-24-02782}
=============

It is clear that mono- and di-isocyanates have great potential for nanocellulose modification. However, in addition to their reported toxicity, many challenges exist limiting their use \[[@B128-molecules-24-02782],[@B129-molecules-24-02782]\]. One of the main challenges is that isocyanate reactions must take place in moisture-free environments. Otherwise, the isocyanates will get hydrolyzed and cross-linked to form a polyurea. This also requires the nanocellulose to be solvent exchanged to organic solvents prior to the reaction. This is in general problematic because nanocellulose, especially CNFs, tends to aggregate in these solvents affecting the homogeneity of the reaction. To minimize aggregation, ultrasonication is usually used, which is also problematic as it may, to a certain extent, degrade the nanocellulose and/or alter its surface properties \[[@B130-molecules-24-02782]\].

Another issue is the difficulty of controlling the reaction between di-isocyanates and nanocellulose. Di-isocyanates are supposed to react with the surface hydroxyl groups of nanocellulose only through one of their two isocyanates (see Scenario 2 in [Figure 4](#molecules-24-02782-f004){ref-type="fig"}). In reality, this could be impossible to achieve as a significant fraction of the di-isocyanate reacts using both of its isocyanates becoming dysfunctional for any following grafting. This issue could be more challenging to resolve for HMDI compared to 2,4-TDI as the isocyanates of 2,4-TDI are not equally reactive. Moreover, the molecular flexibility of HMDI compared to 2,4-TDI increases the possibility of both of its isocyanates to react with nanocellulose. In terms of reactivity, the ortho isocyanate of 2,4-TDI is 5-10 times less reactive than the para one due to steric hindrance \[[@B33-molecules-24-02782],[@B34-molecules-24-02782]\]. Despite this difference in reactivity, the reaction parameters have a major impact on para/ortho selectivity. Recently, Abushammala has developed a simple method to quantify the ortho isocyanates on the nanocellulose surface upon its reaction with 2,4-TDI \[[@B46-molecules-24-02782]\]. Using this method, it was possible to optimize the reaction between 2,4-TDI and nanocellulose to obtain a maximum para/ortho selectivity of 93%, which means that 93% of the 2,4-TDI molecules reacted with the nanocellulose surface have their ortho isocyanates available for a following grafting \[[@B47-molecules-24-02782]\]. The study also showed that the reaction temperature had a negative impact on selectivity as it minimizes the difference in the reaction kinetics of para and ortho isocyanates \[[@B131-molecules-24-02782]\]. Another possibility to overcome this challenge is to follow Scenario 3 in [Figure 4](#molecules-24-02782-f004){ref-type="fig"}, which suggests the reaction of the di-isocyanate with the functional material or polymer at first then with the nanocellulose through the free isocyanate. Following this scenario, only the di-isocyanates, which have a free isocyanate, will be able to react with the nanocellulose. Those with two reacted isocyanates will be unreactive and therefore washed away after the reaction.

The final challenge is the self-polymerization of isocyanates whether they are on the nanocellulose surface or in the reaction mixture. Isocyanates, in the presence of a catalyst and heat, can dimerize to uretidinediones and carbodiimides, or trimerize to isocyanurates, or even form larger oligomers. These many possibilities of isocyanates to self-polymerize have a negative impact on the efficiency of nanocellulose modification \[[@B132-molecules-24-02782],[@B133-molecules-24-02782],[@B134-molecules-24-02782]\].

6. Conclusions {#sec6-molecules-24-02782}
==============

A variety of alkyl and aryl mono- and di-isocyanates have been used for the surface modification of nanocellulose. So far, many of these modifications focused on the compatibilization of nanocellulose with nonpolar thermoplastic and thermoset matrices for the fabrication of composites with enhanced interfacial adhesion. The main aim was improving the mechanical properties of the composites. Sometimes the impact of nanocellulose modification on the thermal properties of the composite, such as thermal stability and crystallization kinetics, was investigated. A few other modifications introduced functional groups on the nanocellulose surface to increase its potential in certain applications such as water filtration and biotechnological applications, etc.

The reports on nanocellulose modification took place following one of four scenarios. In the first scenario, the nanocellulose was reacted in one-step with a mono-isocyanate (phenyl isocyanate or octadecyl isocyanate) to reduce the hydrophilicity of the nanocellulose. Sometimes, a di-isocyanate was used for the same purpose. In the second scenario, the nanocellulose was reacted with one of the isocyanates of a di-isocyanate then the free isocyanate was reacted with a functional material or a matrix. This scenario suffers the possibility of the di-isocyanate to react with the nanocellulose using both of its isocyanates becoming dysfunctional for the following step. The third scenario overcame this issue by reacting the di-isocyanate at first with the functional material or matrix using one of its isocyanates then the free isocyanate was reacted with the nanocellulose. The fourth scenario represents mainly the use of nanocellulose to reinforce nonpolar thermosets. In this scenario, the di-isocyanate was reacted with both the nanocellulose and the polyol at the same time.

Despite the reported potential of isocyanate compounds as chemical linkers and surface modifiers, their reactions with nanocellulose face many challenges including the need for moisture-free environment, nanocellulose aggregation during solvent-exchange, reaction controllability, and self-polymerization of isocyanates.
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![Atomic Force Microscopy images (5 × 5 µm) of CNCs and CNFs. (The images were obtained by the authors using Agilent 5500 AFM (Keysight Technologies, Santa Rosa, CA, USA) for CNC and CNF samples purchased from the University of Maine).](molecules-24-02782-g001){#molecules-24-02782-f001}

![The number of publications on nanocellulose in the last decade indicating the increasing interest in nanocellulosic materials (Web of Science, July 2019, nanocellulose; cellulose nanocrystals/whiskers/fibers/fibrils; nanocrystalline cellulose; micro/nanofibrillated cellulose).](molecules-24-02782-g002){#molecules-24-02782-f002}

![The most commonly used aromatic and aliphatic mono- and di-isocyanates for cellulose and nanocellulose modification.](molecules-24-02782-g003){#molecules-24-02782-f003}

![Overview of the use of isocyanates and di-isocyanates for nanocellulose modification (hexyl isocyanate and HMDI as examples).](molecules-24-02782-g004){#molecules-24-02782-f004}

molecules-24-02782-t001_Table 1

###### 

Summary of the reports on cellulose modification using mono- and di-isocyanates.

  Category                                      Cellulose                                                                   Isocyanate                                   Matrix/Chemical                                           Ref
  --------------------------------------------- --------------------------------------------------------------------------- -------------------------------------------- --------------------------------------------------------- ---------------------------------------------------------
  Functional Cellulose                          Whatman Powder                                                              2,4-TDI                                      \-                                                        \[[@B58-molecules-24-02782]\]
  Cellulose Beads                               2,4-TDI or HMDI                                                             \-                                           \[[@B59-molecules-24-02782]\]                             
  MCC                                           2,4-TDI                                                                     n-Butanol                                    \[[@B44-molecules-24-02782]\]                             
  Whatman Paper                                 Cyclohexyl Isocyanate or PI                                                 \-                                           \[[@B60-molecules-24-02782]\]                             
  Cellulose                                     Phosphonium-containing Isocyanate                                           \-                                           \[[@B61-molecules-24-02782]\]                             
  Cotton Cellulose                              Sulfopropylbetaine or Quaternary Ammonium Salt with a Reactive Isocyanate   \-                                           \[[@B38-molecules-24-02782]\]                             
  MCC                                           2,4-TDI                                                                     Amino acids                                  \[[@B62-molecules-24-02782],[@B63-molecules-24-02782]\]   
  Plant Cellulose                               MDI                                                                         \-                                           \[[@B64-molecules-24-02782]\]                             
  Cotton Spheres                                HMDI, 2,4-TDI, 1,4-PDI                                                      \-                                           \[[@B26-molecules-24-02782]\]                             
  MCC                                           Substituted PI                                                              \-                                           \[[@B27-molecules-24-02782]\]                             
  Cellulose Oligomers                           3,5-Dimethylphenyl Isocyanate                                               \-                                           \[[@B28-molecules-24-02782]\]                             
  Cellulose                                     3-Chlorophenyl or 4-Chlorophenyl Isocyanate                                 Silica                                       \[[@B65-molecules-24-02782]\]                             
  Improving Cellulose Properties                Cellulose                                                                   PI, Cyclohexyl Isocyanate, or HMDI           \-                                                        \[[@B25-molecules-24-02782]\]
  Cellulose                                     Oxime-blocked Isocyanate Oligomers                                          \-                                           \[[@B66-molecules-24-02782]\]                             
  Sisal Fibers                                  MDI                                                                         Soy-based Resin                              \[[@B67-molecules-24-02782]\]                             
  Six Celluloses                                Alkenyl Isocyanates                                                         Styrene or Methylacrylate                    \[[@B68-molecules-24-02782],[@B69-molecules-24-02782]\]   
  Four Celluloses                               Isocyanate-containing Polystyrene                                           \-                                           \[[@B70-molecules-24-02782],[@B71-molecules-24-02782]\]   
  Cotton Fabric                                 2,4-TDI and PEG                                                             \-                                           \[[@B72-molecules-24-02782]\]                             
  Cellophane Sheets                             HMDI                                                                        Betaines                                     \[[@B73-molecules-24-02782]\]                             
  Cellulose Fabric                              2-Methacryloyloxyethyl Isocyanate                                           2-Methacryloyloxyethyl Phosphoryl Choline    \[[@B74-molecules-24-02782]\]                             
  Cellulose Acetate                             Phenyl, Propyl, or Butyl Isocyanate                                         \-                                           \[[@B75-molecules-24-02782],[@B76-molecules-24-02782]\]   
  Cellulose Processing with Nonpolar Matrices   Aspen Pulp and Sawdust                                                      Poly(methylene(polyphenyl isocyanate))       PS                                                        \[[@B77-molecules-24-02782],[@B78-molecules-24-02782]\]
  Pine Pulp                                     MDI                                                                         PS                                           \[[@B79-molecules-24-02782]\]                             
  Different Celluloses                          Alkyl Isocyanates                                                           PP                                           \[[@B80-molecules-24-02782]\]                             
  Sisal Fibers                                  2,4-TDI                                                                     PP                                           \[[@B81-molecules-24-02782]\]                             
  Whatman Fibers                                HMDI                                                                        PP                                           \[[@B82-molecules-24-02782]\]                             
  Bagasse Fibers                                Polybutadiene Isocyanate                                                    PP                                           \[[@B41-molecules-24-02782]\]                             
  Birch Pulp                                    2,4-TDI                                                                     PP/PLA                                       \[[@B83-molecules-24-02782]\]                             
  Pineapple Leaf Fibers                         Poly(methylene(polyphenyl Isocyanate)) or HMDI                              PP and PE                                    \[[@B84-molecules-24-02782]\]                             
  MCC and Fibers                                OI                                                                          PE                                           \[[@B69-molecules-24-02782]\]                             
  Pineapple Leaf Cellulose                      Poly(methylene(polyphenyl isocyanate))                                      PE                                           \[[@B85-molecules-24-02782],[@B86-molecules-24-02782]\]   
  Sisal Fibers                                  2,4-TDI-g-Cardanol                                                          PE                                           \[[@B87-molecules-24-02782],[@B88-molecules-24-02782]\]   
  Pine Pulp                                     Derivatives of MDI                                                          PP                                           \[[@B89-molecules-24-02782]\]                             
  MCC                                           MDI and PPDI                                                                Natural Rubber                               \[[@B90-molecules-24-02782]\]                             
  MCC                                           OI                                                                          Epoxidized Soybean Oil Polymer               \[[@B91-molecules-24-02782]\]                             
  Hemp Fibers                                   3-Isopropenyl-dimethylbenzyl Isocyanate                                     Polyester                                    \[[@B92-molecules-24-02782]\]                             
  Arbocell Fibers                               MDI then Ethanol                                                            Thermoplastic Urethane or a Polyamide        \[[@B93-molecules-24-02782]\]                             
  Kenaf Fibers                                  Blocked MDI                                                                 Polyglycol Polyol, 1,4-Butanediol, and MDI   \[[@B94-molecules-24-02782]\]                             
  Pulp Fibers                                   HMDI                                                                        Castor Oil                                   \[[@B95-molecules-24-02782]\]                             
  Cellulose Acetate                             HMDI                                                                        Castor Oil                                   \[[@B96-molecules-24-02782]\]                             
  Eucalyptus Pulp                               OI                                                                          Cement                                       \[[@B97-molecules-24-02782],[@B98-molecules-24-02782]\]   
  Cellulose/ Matrix Cross-Linking               MCC and Pulp                                                                2,4-TDI                                      PCL                                                       \[[@B99-molecules-24-02782]\]
  Cellulose Diacetate                           2,4-TDI                                                                     Poly(caprolactone monoacrylate)              \[[@B100-molecules-24-02782]\]                            
  Cellulose Diacetate                           2,4-TDI                                                                     Poly(butylene glycol adipate)                \[[@B101-molecules-24-02782]\]                            
  MCC                                           MDI                                                                         Castor Oil/MDI                               \[[@B102-molecules-24-02782]\]                            
  Cotton Cloth                                  Blocked Isocyanate of 2,4-TDI and Phenol                                    Lignin                                       \[[@B103-molecules-24-02782]\]                            
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###### 

Summary of the reports on nanocellulose modification using mono- and di-isocyanates.

  Category                                          CNCs/CNFs                                                               Isocyanate                                                         Matrix/Chemical                                           Ref
  ------------------------------------------------- ----------------------------------------------------------------------- ------------------------------------------------------------------ --------------------------------------------------------- ---------------------------------------------------------
  Functional Nanocellulose                          CNCs                                                                    3,5-Dimethylphenyl Isocyanate                                      \-                                                        \[[@B29-molecules-24-02782]\]
  CNCs                                              OI                                                                      \-                                                                 \[[@B30-molecules-24-02782]\]                             
  CNCs                                              2,4-TDI                                                                 Photocleavable Polymer                                             \[[@B23-molecules-24-02782]\]                             
  Improving Nanocellulose Properties                CNFs                                                                    OI                                                                 \-                                                        \[[@B110-molecules-24-02782]\]
  CNCs                                              2,4-TDI                                                                 Castor Oil                                                         \[[@B45-molecules-24-02782]\]                             
  CNCs                                              2,4-TDI                                                                 PHBV                                                               \[[@B111-molecules-24-02782]\]                            
  CNFs                                              HMDI                                                                    Alkyl Diamines                                                     \[[@B112-molecules-24-02782]\]                            
  CNFs                                              HMDI                                                                    \-                                                                 \[[@B113-molecules-24-02782]\]                            
  Nanocellulose Processing with Nonpolar Matrices   CNCs, CNFs                                                              OI                                                                 PCL                                                       \[[@B39-molecules-24-02782],[@B40-molecules-24-02782]\]
  CNCs                                              OI                                                                      PCL                                                                \[[@B114-molecules-24-02782]\]                            
  CNCs                                              OI                                                                      PCL                                                                \[[@B115-molecules-24-02782]\]                            
  CNCs                                              2,4-TDI then PCL diol                                                   PCL                                                                \[[@B43-molecules-24-02782]\]                             
  CNCs                                              PCL with 2,4-TDI                                                        PCL                                                                \[[@B104-molecules-24-02782]\]                            
  CNCs                                              OI or 4-Phenylbutyl Isocyanate                                          PBAT                                                               \[[@B36-molecules-24-02782],[@B37-molecules-24-02782]\]   
  CNCs                                              OI                                                                      PBAT                                                               \[[@B116-molecules-24-02782]\]                            
  CNCs                                              OI                                                                      PBAT                                                               \[[@B117-molecules-24-02782]\]                            
  CNCs                                              2,4-TDI                                                                 PLA                                                                \[[@B42-molecules-24-02782]\]                             
  CNCs                                              OI                                                                      PLA                                                                \[[@B118-molecules-24-02782]\]                            
  Nanocellulose Matrix Cross-Linking                CNCs                                                                    MDI                                                                Certain Polyols                                           \[[@B48-molecules-24-02782],[@B49-molecules-24-02782]\]
  CNCs                                              HMDI                                                                    Polyurethane                                                       \[[@B119-molecules-24-02782]\]                            
  CNFs                                              Polymeric MDI                                                           Lignin-Soy Polyol with Polymer MDI                                 \[[@B120-molecules-24-02782]\]                            
  CNCs                                              MDI                                                                     Castor Oil and MDI                                                 \[[@B121-molecules-24-02782]\]                            
  CNCs                                              Isophorone Diisocyanate                                                 Isophorone Diisocyanate and a Trifunctional Polyether Alcohol      \[[@B122-molecules-24-02782]\]                            
  CNFs                                              Methylenebis(Cyclohexyl Isocyanate)                                     Methylenebis(Cyclohexyl Isocyanate) with PEG                       \[[@B123-molecules-24-02782]\]                            
  CNFs                                              MDI                                                                     Castor Oil Polyol and MDI                                          \[[@B124-molecules-24-02782]\]                            
  CNFs                                              Poly(phenyl Isocyanate)                                                 PEG and Poly(methylene(polyphenyl isocyanate))                     \[[@B125-molecules-24-02782]\]                            
  CNCs                                              Polymeric MDI                                                           Polyether Polyol and Polymeric MDI                                 \[[@B126-molecules-24-02782]\]                            
  CNCs                                              Photocurable Isocyanate (3-isopropenyl-α,α-dimethylbenzyl Isocyanate)   Polyether Polyol and 3-Isopropenyl-α,α-dimethylbenzyl Isocyanate   \[[@B127-molecules-24-02782]\]                            
